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Proximity effect of spin orbit coupling is investigated through anomalous Hall effect in Pt/Co2FeAl
and Pt/Permalloy bilayers. A series of nontrivial magnetotransport behaviors, resulting from a
strong impact of phonons on skew scattering, is observed in these films with ultrathin ferromagnetic
layers. The parameters representing skew scattering, side jump and intrinsic contributions are dra-
matically enhanced when the ferromagnetic layer is very thin, and they have clear linear dependences
on the reciprocal of ferromagnetic layer thickness, indicating a powerful influence of Pt/Ferromagnet
interface. Further study on Cu/Co2FeAl and Ta/Co2FeAl bilayers reveals that a simple interface
scattering without intense spin orbit coupling is not sufficient to trigger such a phenomenon. The
proximity effect of spin orbit coupling is thus suggested to occur at the Pt/Ferromagnet interface,
and as a result quite large anomalous Hall angle (0.036) and Nernst angle (0.23) are confirmed in
the Pt/CFA films at room temperature.
PACS numbers: 72.25.Mk, 72.25.Ba, 75.47.-m, 75.70.-i
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The proximate thin Pt layer located at a
Pt/Ferromagnet (FM) interface can be polarized
and has weak magnetic saturation magnetization [1].
This phenomenon, so called ′magnetic proximity
effect′ (MPE), attracts extensive attentions because it
has possibly been involved in all spin-related transport
properties such as the spin Hall effect in a system with
Pt/FM (or using other metal instead of Pt) interface [2–
7]. In our opinion, since there is a clear action from the
ferromagnet to the non-magnetic material, an opposite
reaction must exist according to Newton’s Third Law
in a broad sense, especially in Pt/FM bilayers or mul-
tilayers. However, most studies are focused on features
correlated to static magnetic properties, for example the
high perpendicular magnetic anisotropy [8–17], while
few reports mentioned the magnetotransport properties
so far, e.g. the enhanced anisotropic magnetoresistance
in these systems [18–21]. The relevant research on this
issue is seriously deficient. We thus employ the anoma-
lous Hall effect (AHE) to investigate the influence of
spin obit coupling at interfaces between Co2FeAl (CFA),
permalloy (Py, Fe22Ni78) and Pt layers systematically,
because it is well known that AHE is strongly dependent
on the intensity of spin orbit coupling in a magnetic
object [22–27]. Besides, Co2FeAl is a magnetic Heusler
alloy with distinguished features. The tunneling mag-
netoresistance (TMR) ratio of magnetic tunnel junction
with Co2FeAl electrodes can be over 330% at room
temperature [28]. DC pulse current-induced domain
wall motion has been realized in Pt/CFA submicron
wires with an ultrathin Co2FeAl layer, which displays
a similar performance to Pt/(Co/Ni)n multilayers [29].
Co2FeAl may be a very promising material for domain
wall motion and spin transfer torque devices due to its
larger TMR ratio for signal output. Our study would
help to understand the spin transport behavior in this
kind of structure.
A series of single CFA and Py layers with various thick-
nesses was deposited on 2.5-nm-thick Pt (or Cu, Ta)
layer buffered MgO(100) substrates by using DC mag-
netron sputtering. For a comparison, MgO/CFA and
MgO/CFA/Pt films were also prepared. MgO(100) sub-
strates were baked at 700◦C for an hour in the sputtering
chamber before film growth. The CFA layer was sput-
tered from a stoichiometric Co-Fe-Al (Co: 50%, Fe: 25%,
Al: 25%) target. The base pressure of the main cham-
ber is around 2 × 10−6 Pa. Ta layer in the sample was
prepared at 700◦C and then CFA was deposited at 60◦C
, while all other samples were fabricated at 60◦C. After
the film growth process, all samples were annealed in situ
at 320◦C for 35 minutes, which is an ideal thermal treat-
ment temperature to induce the perpendicular magnetic
anisotropy in Pt/CFA bilayers for device applications.
The measurement of AHE was performed on the sample
with Hall bar profile from 20 K to 300 K by a physical
property measurement system (PPMS). The anomalous
Nernst effect (ANE) measurement was carried out using
a transport property measurement system designed by
our group. The method to extract the anomalous Hall
resistivity ρAH from the original transverse resistivity ρxy
is the same as that in References [30] and [31].
Two experienced formulas can be used to analyze
AHE. One is a classical form with the expression of
ρAH = aρxx + bρ
2
xx, where ρxx is the longitudinal re-
sistivity, a represents the skew scattering parameter, and
b is dominated by the side jump and intrinsic contribu-
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2tions [22–24]. Recently Tian Y et al. suggested the other
expression ρAH = a
′ρxx0 + a′′ρxxT + bρ2xx, in which the
skew scattering was divided into two parts: a′ result-
ing from the residual resistivity ρxx0 and a
′′ originating
from the phonon-induced resistivity ρxxT [32, 33]. The
applicable circumstances of these two expressions were
distinctly exhibited in our research. The dependences
of ρAH and ρAH/ρxx on ρxx are shown for CFA (a),
Cu/CFA (b), Pt/CFA (c) and Pt/Py (d) films with var-
ious thicknesses in Fig. 1. All magenta lines were fitted
to ρAH/ρxx data in (a) and (b), and to ρAH data in (c)
and (d). The films of CFA with thickness smaller than
1.1 nm are nonconducting because of the island growth
on MgO substrates. The bilayer Cu/CFA with CFA layer
thickness (tCFA) around 0.6 nm met the similar problem
too. The AHE in these two series of samples, neverthe-
less, can be handled by the classical expression once they
are conducting as shown in Fig. 1(a) and (b). On the
contrary, the new scaling must be employed when tCFA
is less than 2.2 nm in Pt/CFA films, showing in Fig. 1(c).
The situation is even more complicated in Pt/Py bilay-
ers as shown in Fig. 1(d). Py is easier to be influenced
by oxidization than CFA perhaps. The Pt/Py film with
tPy = 0.6 nm is conducting, but it has a strange AHE
behavior and cannot be fitted by both expressions (not
shown here). The Pt/Py film with tPy = 1.1 nm can be
fitted by the new scaling with a large error, while thick
films can be fitted nicely like thick single Py layers using
the same way [34], different from the Pt/CFA films.
A remarkable phenomenon is the increased Hall an-
gle in the Pt buffered films, where we still use tan θ =
ρAH/ρxx as the Hall and Nernst angle although tan θ 6= θ
in our experiments. Comparing with the thickest CFA
film, a maximum enhancement of about 3.5 times in Hall
angle is observed in Pt/CFA bilayers. The Hall angle of
FePt, as we know, is very large, but it reduces by 50%
from 20 K to 300 K. The Hall angles of Pt/CFA bilay-
ers hardly changes with varying temperatures. The Hall
angles of the Pt/CFA bilayers with CFA thickness below
5 nm are actually larger than that of FePt film (20 nm)
at room temperature [31]. Since the Hall angles of Py
films are quite small [34], they can be enhanced by the
Pt buffer layer more forcefully.
Figure 2 shows the thickness dependences of Hall an-
gle for different films at room temperature. For the CFA
and Cu/CFA films, the variation of ρAH is slower than
that of ρxx from the interface scattering when CFA layer
becomes thinner and thinner, so the Hall angles increase
with increasing thickness and finally close to the intrinsic
values of bulk material. The Cu/CFA bilayers have the
lowest Hall angles among all samples because Cu layer
has no significant contribution to ρAH and the current
was just bypassing through it. On the other hand, it is
clearly illustrated that the interfacial scattering result-
ing from the thinning FM layer would not cause a large
Hall angle in these bilayers. The enhancement of Hall an-
FIG. 1. (Color online) The dependences of ρAH and ρAH/ρxx
on ρxx are shown for CFA (a), Cu/CFA (b), Pt/CFA (c) and
Pt/Py (d) films with various thicknesses. All magenta lines
were fitted to ρAH/ρxx data in (a) and (b), and to ρAH data
in (c) and (d).
gle has to be attributed to a strong spin orbit coupling at
the interface in the Pt/CFA, CFA/Pt and Pt/Py films. A
simple physical image is that moving conducting electron
at the interface felt the interaction from the Pt layer are
scattered in the CFA layer and this interfacial influence
would not be suppressed too much by a finite thermal
activation, which is the reason why the Hall angle does
not change obviously with varying measurement temper-
ature. The Hall angle enhancement cannot be owing to
the MPE of Pt layer since its average moment is only
0.054 µB at 300 K [1]. Also, the results of the CFA/Pt
bilayers exclude the influence of interface diffusion. The
thinner CFA layer grown on MgO substrate, as we men-
tioned before, is not ideally continuous. Pt atoms should
diffuse more easily into the CFA layer in this case. How-
ever, the Hall angle enhancement in CFA/Pt bilayers is
weaker than that in Pt/CFA layers, indicating a favor
of clean interface to the phenomenon. Combined with
3FIG. 2. (Color online) Thickness dependences of the Hall an-
gle (tan θ = ρAH/ρxx) for CFA, Pt/CFA, CFA/Pt, Cu/CFA,
Ta/CFA and Pt/Py films at 300 K.
the data of Pt/Py bilayers, all results suggest that the
enhancement is a magnifying effect rather than a Pt-
diffused magnetic alloy effect. Additionally, the Ta layer
deposited at 700◦C shows γ phase, while it has β phase
at a lower growing temperature. The former exhibits a
conventional temperature dependence of the resistivity as
a normal metal, but the latter is opposite and gives rise
to a strange AHE behavior [35]. Although it is difficult
to compare Ta/CFA bilayer with other samples on AHE
directly, it still exports a much larger Hall angle than the
Cu/CFA bilayer with the same CFA thickness.
The fitted parameters of the AHE, which are domi-
nated by the spin orbit coupling and the electronic struc-
ture of the magnetic layer in principle, disclose more de-
tails of the interfacial action. Usually due to the dimen-
sion effect in an ultrathin magnetic film, the conduct-
ing electrons are prevented from being scattered into up
and down directions, and the skew scattering is enhanced
consequently. In contrast, the reduction of integration of
Berry curvature in k-space greatly restrains the intrin-
sic contribution to the AHE. Both mechanisms lead to
typical trends of a (a′, a′′) and b in the Fe and Py films
with varying thicknesses [32, 34]. Here the same law was
observed in the CFA and Cu/CFA films, as shown in
Fig. 3(a) and (b). The factors a (a′, a′′) and b of the
Pt/CFA films are changing in the same way. However,
their values are extremely larger than those of the CFA
and Cu/CFA films with ultrathin CFA layers. Not only
that, they are much larger than those of epitaxial Fe films
on GaAs substrates in the same thickness range of the
magnetic layer [32]. It should be pointed out that the
fittings are perfect for the AHE in these films and thus
error bars are too narrow to be shown in the figures.
Meanwhile, the signs of a (a′, a′′) and b in the thinner
Pt/CFA films are reversed comparing with those in CFA
films, because the density of states of majority spins is
FIG. 3. (Color online) Thickness dependences of a (a′, a′′)
and b for CFA (a), Cu/CFA (b) and Pt/CFA (c) films. The
red solid lines in the right column of (c) are linearly fitted.
cut down and more electrons with minority spins partic-
ipate in the magneto-scattering at the interface. With
the same reason, a curve moves toward more positive
value and b curve moves toward more negative value in
Cu/CFA films, but Cu interface cannot supply strong
spin orbit coupling enough for the sign reversing. For the
Ta/CFA (1.1 nm) bilayer, a = 0.06 with a fitting error
of 0.003, while b = −0.356 with a fitting error of 0.0188
in the unit of (mΩ cm)−1. The signs have already been
reversed. In CFA/Pt bilayers the sign reversing occurred
as well, meaning the chirality issue originated from the
Dzyaloshinskii-Moriya interaction does not exist in this
phenomenon [36].
To sum up, we suggest a special region existing at the
Pt/CFA, Pt/Py, Ta/CFA and Cu/CFA interface. In this
region, the conducting electrons coming from nonmag-
netic layer could take part in magneto-scattering, which
leads to a peculiar AHE behavior. It is just like that con-
ducting electrons in the magnetic layer side could feel the
spin orbit coupling in the nonmagnetic layer, so we call
4it as ′proximity effect of spin orbit coupling′. Different
from the weak MPE, the intensity of this effect depends
on the intrinsic property of the nonmagnetic layer. It
could be very strong for the Pt/FM interface. This might
be described by a surface Hamiltonian in analogy to a su-
perconducting proximity effect to a topological insulator
[37],
H = p
2
2m
+
1
4m2c2
(
M
Ms
×∇U
)
· p
+
1
4m2c2
(σˆ ×∇V ) · p, (1)
where the second term describes the spin-orbit effect in
the magnetic layer with a magnetization [22], the third
term takes into account the effect of the Pt layer to a
surface electron in the magnetic layer, U(V ) represents
the periodic potential in ferromagnetic layer (Pt layer)
and σˆ are the Pauli matrixes. The surface spin orbit
coupling stemming from the Pt layer may enhance the
AHE signal in thinner magnetic layers since the weight
of the surface contribution would be dominate in very
thin films. However an observed tendency to zero AHE
for zero thickness magnetic layer (Fig. 2) is easily under-
stood by noting that the AHE is vanishing for pure Pt
layer. Therefore the Hall angle develops a broad peak for
thinner magnetic layer as a consequence.
According to this physical image, a simple parallel con-
nection model can be set up. a (a′, a′′) and b, all coding
as η, should ascribe to the contributions of interface and
bulk. Assume that the electron concentration (ne) and
the current density through the Pt/FM bilayers are uni-
form. Hence the measured parameters of AHE could be
expressed as:
η =
nedS
netFMS
ηI +
ne(tFM − d)S
netFMS
ηb =
d
tFM
(ηI − ηb) + ηb,
ηb =
{
0, tFM < d
ηFM , tFM > d
(2)
where S is the unit area in plane; d is the thickness of
the special region at the Pt/FM interface; ηI and ηFM
is the intrinsic parameter of AHE of the special region
and the FM layer, respectively. A linear relationship of
η and 1/tFM can accordingly be deduced. The fitted red
lines were shown in the right column of Fig. 3(c), which
is coincident with the simple model well and implies that
d is samller than 6 A˚ at least. It is noted that the rela-
tionship must be modified when the Pt layer is too thick
resulting in a large bypassing current.
The proximity effect of spin orbit coupling induces
novel characters in the Pt/CFA bilayers. For instance,
the anomalous Nernst coefficient of a 80-nm-thick CFA
film is about 9.5 × 10−2 µV/KT [38], while that of
the Pt/CFA (1.1 nm) film is, nearly 9 times larger,
FIG. 4. (Color online) Nernst hysteresis loops under different
temperature gradients (a) and a dependence of Nernst voltage
vs. Seebeck voltage (b), measured around room temperature.
around 0.83 µV/KT. As a contrast, the Nernst coeffi-
cient of a 20-nm-thick FePt film measured in our sys-
tem is 0.65 µV/KT. Fig. 4 shows the Nernst hysteresis
loops under different temperature gradients (a) and a
dependence of Nernst voltage vs. Seebeck voltage (b),
measured around room temperature. The sample has a
robust perpendicular magnetic anisotropy even without
any cap layer. Saturation magnetization of the sample is
around 1000 emu/cc measured by Vibrating Sample Mag-
netometer (VSM). Similar to the enhancement of Hall
angle, the anomalous Nernst angle of this sample, being
0.23, is also four times larger than that of the FePt film
in Ref. [39].
In conclusion, the proximity effect of spin orbit cou-
pling at interface is demonstrated, which would have a
strong influence on Pt buffered ultrathin magnetic films
such as Pt/Co/AlOx, Pt/(Co/Ni)n, Pt/Py, Pt/CoFeB
and Pt/CFA. All spin related transport properties, e.g.
the spin transfer torque, are inevitably involved with this
effect in these systems. What role the large Hall angle
played is still an open question to the spin transfer torque
and the spin injection in structures using Pt buffer or
cap layer. New conceptions, based on this effect using an
ultrathin ferromagnetic layer, might be ignited for spin-
tronics devices.
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